INTRODUCTION
The fiber composites technology is rapidly maturing to the extent that these composites have been used as prime materials in advanced aerospace structures where performance Is Important.
As the cost becomes competitive with conventional materials, fiber composites become attractive alternatives for use in more traditional applications where cost rather than performance is the major design driver.
Fiber composite structures, like other structures, are assemblages of typical structural components.
A typical fiber composite structural component is a panel or plate subjected to In-plane loads.
The design of fiber composite structural components requires analysis methods and procedures which relate the structural response of the component to the specified loading and environmental conditions. The structural response is eventually compared to given design criteria for strength, displacement, buckllng, vibration frequencies, etc., In order to ascertain that the component will perform satisfactorily.
Though there are several recent books on composite mechanics aval]able [I-6], none covers design procedures for fiber composite structural components in any detail.
Another important aspect in composite structural design is joints. It is generally consldered that joints determine the structural integrity.
Composite joints have been extensively investigated in recent years.
Results of these investigations are reported, in part, in symposium proceedings [7, 8] . Helpful recommendations for design practice for select composite joints are included in Reference 9. Analysis methods for detailed stress calculations are described in Reference IO. Though relevant Information for designs may be collected from the above cited reference, step-by-step sample cases are not available. Recent *Aerospace Structure Engineer, Structures Divlslon tSenlor Aerospace Scientist, Structures Division research at NASALewis Research Center has focused on developing simplified design procedures for (1) composite panels [11] ; and (2) composite box beams [12] , composite bolted joints [13] , and composite adhesively bonded joints [14] . These references describe step-by-step design procedures that are suitable for prellmlnary designs. The objective of thls paper Is to provide (1) summariesof these design procedures w_th typical results _n order to demonstrate what can be done and how to get started, and (2) a brief outline on how to account for hygrothermal effects, cyclic loads and lamination residual stress in the design procedure. The level of detail and results in the summaries differ depending on what the authors considered adequate to illustrate that procedure. The complete detalls, results, and relevant references are described in References 11 to 14.
COMPOSITE PANELS SUBJECTED TO COMBINED IN-PLANELOADS
Composite panels (membranes)are structural componentswhich generally have a rectangular shape. They can be used individually (Fig. l) or as membersof built-up structural componentsas described In the next section.
They usually are deslgned to support combined in-plane loading conditions (Fig. l) .
The loading conditions can Include: (1) static loads, (2) statlc with superimposed cyclic loads, (3) hot-wet (hygrothermal) environmental effects, and (4) lamination residual stresses. A sample deslgn for only static loads is presented, and the procedures used for analyzing loading conditions (2) to (4) are briefly outlined.
Furthermore, only the steps to size the laminate for strength and buckling are summarized. The details for the complete design are described in Reference It. Rectangular panel designed not to exceed displacement 11mits, or ply strengths, or buckle at design load. Specified-load ply stresses may be used instead of design load ply stresses to compute matrlx-controlled ply strength margins when the fiber-controlled stress marglns are relatively large.
-PLIES
Step I: Design Varlables Number of plies, ply orientations, and ply stacking sequence.
Step 2: Design Loads Safety factors times specified loads: Step 3:
Obtain composite material properties (ply and ang]eply) for AS/E, from Table I . The ply off axls (angleply) propertles can be derlved from the unidirectiona] ply properties uslng coordinate transformation. Step (1) The laminate was inltially sized using fiber-controlled propertles. The number of plies In each orientation was doubled in order to approximately account for thecomblned loading stresses which are resisted by matrixcontrolled properties.
(2) The ±45°plies were placed on the outside for Increased shear buckling resistance.
(3) The Iongitudlna] compression strength was selected for determlnlng the number of ±45°plies because this is less than the longitudinal tensile strength (180 000 psi < 220 000 psl, Table I ).
(4) The force deformation relationships which are needed to check for lamlnate displacements are determined from classical laminate theory or as described in Reference I.
(5) The ply stresses and the respective margins are also determined from laminate theory. A positive value indicates a safe design and a negative value Implies that failure Is imminent.
Checks for Shear Buckllng
Therefore, the shear buckling stress needs to be checked in combination with the two normal (_cxx and Ccvv ) tensile stresses.
An estlmate of buckling resistance may be obtained from the approximate interaction equation given by Therefore, based on the estimate obtained using the interaction equation the panel should not buckle at the design shear stress, provided that a]l three loads (Ncx X, Ncyy, and Ncxy) are applied proportionally and slmultaneousl_ This can also b_-stated as:
Ncyy and Ncxy are proportional to Ncx X. is important to observe the dramatic positlve effect of the normal tensile stresses on the shear buckling strength.
A more accurate estimate may be obtained by performing finite element analysis.
The results of the final design are summarized below.
The margins are given on the design loads unless otherwise noted.
The details of the calculations for the margins on the displacements and ply stresses are given in Reference II. 
CANTILEVER BOX BEAMS SUBJECTED TO FREE-END LOADS
An important class of structural components that can readily be made using fiber composites are box beams. Box beams are generally used to span long distances and to resist combined loads.
Box beams are the main structural components in aircraft wings.
They are made uslng thin flat/curved laminates, are designed to resist the loads primarily through membrane action and are designed to have constant or tapered cross sections.
In addition, the laminate thickness for the covers and sides can be different and varied along the span. In what follows, the step-by-step procedures that were described above for the preliminary design of composite pane]s subjected to combined loadings have been extended for the preliminary design of composite box beams.
These procedures include a collection of simple equations to expedite the varlous calculations performed during the preliminary design phase.
They are demonstrated by applying them to a preliminary design of a tapered cantilever box beam.
The box beam Is subjected to combined loads at the free end. It Is designed to meet strength, displacement, buckling, and frequency requirements. The various steps involved are described in detail with ample exp]anatory notes so that they can be used to aid in the preliminary design of built-up composite structural components In general.
Sample Design -Size Box Beam to Meet Specifled Design Requirements
It Is necessary to have as complete a definition of the speclflc design as Is possible In order to initiate the preliminary deslgn phase.
For the illustrative example described hereln, this definition consists of the following.
FIGURE 2, -COMPOSITE BOX BEAM GEOMETRY AND SPECIFIED LOADING CONDITIONS (ALL DIMENSIONS IN INCHES: LOADS IN POUNDS: TWIST MOMENT IN INCH-POUNDS).
i., Graphite fiber In epoxy matrix at 0.6 fiber volume ratio. (7) Design Procedure/Requlrements:
Box beam not to exceed displacement limits.
Laminates in various bays not to exceed ply fiber-controlled strengths at design loads or ply matrix controlled strengths at specified loads.
Composite panels in each bay not to exceed combined stress buckling. (8) General philosophy on preliminary design of composite box beams:
Size covers for only the vertlcaI load and add plies for the combined loads (lateral and twist moment). Slze side walls for only the lateral load and add plies for the combined loads (vertical and twist moment).
Once the design Is defined to the extent just outlined, we are ready to design the composite laminates for the covers and the walls of the box beam by followlng the step-by-step design procedure.
Step 1: Identify Design Variables
Number of plies, ply orientation and stacking sequence for the composite covers and side walls for the three different bays.
Step 2: Establish Design Loads Safety factor times specified loads ( Step 3:
Obtain composite material properties (ply and ±e angleply) for AS/E from 
Sample Design -Size Joint for Local Bearing
Local bearing failure modes are characterized by a local laminate compressive failure caused by the bolt diameter which tends to crush the composite materla1.
A schematic of these types of failure modes is shown in Figure 4 . The schematic which Is used to derive the equation and the respective equation are also shown in Figure 4 . The requisite variables to design against thls failure mode are:
(1) bolt diameter d, (2) laminate thickness tc, and (3) laminate compressive strength parallel to the bolt force ScxxC. Use of the equation (Fig. 4(a) ) is i11ustrated in the following example.
Example l: Calculate the local average bearing stress (acx X) in a [0±45/0/90] s graphite flber/epoxy matrix at 0.6 FVR laminate induced by a I/4-in. diameter titanium bolt wlth a lO00 Ib load.
These are referred to herein as the composite bolted joint specified conditions.
To perform this caIculatlon, we first solve the equation in Figure 4( The adherends and or doublers are identified by numerical subscripts while the adhesive is identified by the subscript a. All respective dlmenslons and stresses are identifled by slmllar subscripts.
The in-plane stress in the adherends Is denoted by Olxx, for example, where xx refers to the x-axis which Is taken along the length of the joint.
The points to note in Figure 5 are:
(1) the stresses transfer from one adherend to adhesive and then to the other adherend, (2) these stresses increase very rapidly from the end and are highly nonlinear, (3).the estimates are obtained from simple shear-lag theory for minimum length Emln, maximum shear stress in the adhesive _max and maximum normal stress (peel-off stress)
-as ' in the adhesive _max _an " The general steps for designing adhesive joints are as follows:
(I) Establish Joint design requlrements" loads, laminates, adhesive, safety factors and other special considerations.
(2) Obtain laminate dimensions and properties for the adherends using composite mechanics.
(Typical properties needed for this procedure are summarized in Tables IV and VI for three different laminates.) (3) Obtain the properties of the adhesive. The adhesive will generally be the same as the matrix In the adherends.
The specific properties needed are" (a) shear strength, and (b) peel-off strength.
(4) Select design allowables. These are either set by the deslgn criterla or are chosen as follows" (a) a load factor on the force F usually 1.5 or 2, or (b) a safety factor of one-haif Of the degraded adhesive strength Sa in step 4 above.
The second alternative is preferable since the force F may already contain a load factor.
(5) Select the length _ of the jolnt by using the followlng equation . boS denotes S-glass flber/epoxy matrix.
(6) Check the minimum length and the maxlmum shear and normal stresses in the adheslve (using the shear-lag theory equations, Flg. 5). As an exampie, the steP'by-step procedure will be used to design a joint wlth single doubler and no environmental effects.
(I) Joint design requirements" Tables IV and VI. (3) Adhesive properties: typical properties for structural epoxies are: E -0.5 mpsl; G : 0.18 mpsi; v = 0.35; m : 30 ppm/°F; San = 15 ksl and Sas = 13 ksl.
(4) Environmental effects: none since the joint will be subjected to static loads at room temperature dry conditions. Observatlons: (a) The jolnt length of 0.12 In. to meet design requirements was too small to be practical and was Increased arbitrarily to I in. which Is a more practlcal dimension.
The other critical conditions are satisfied with substantial margins indlcating that slngle doubler butt joints are not generally efficient joints; (b) the joint length as calculated by the load transfer would be relatively small; and (c) the joint length predicted by using shear lag is practically negllglble Indicating that the load transfer occurs In a very short distance.
The bending stress for this Jolnt are described In Reference 4. A summary of the joint design is given below.
Joint Design Summary
Doubler Lamlnate:
[0/±45/90] S (same as adherends)
Composite" graphic fiber/epoxy matrix at 0.6 FVR (same as adherends)
Adhesive" structural epoxy (same as epoxy In adherends) Sample cases for other typical joints, hygrothermal effects and relevant references are described in Reference 14.
HYGROTHERMAL EFFECTS, CYCLIC LOADS, AND LAMINATION RESIDUAL STRESSES -BRIEF OUTLINE
The sample designs described were mostly for combined static loads. However, the procedure and the governing equations used are valid when one has to take into account for hygrothermal effects, cyclic loads, and lamlnation residual stresses.
This Is accomplished by appropriately degrading the strength allowables used in the design.
These degraded/updated strengths are used to check ply stress limits when designing the structural component/jolnts including hygrothermal effects, cyclic loads, and lamination residual stresses. Some general guidelines are briefly described below.
Hygrothermal Effects
Hygrothermal (hot-wet) environment usually affect the matrix-controlled properties.
The degraded property of the matrix due to hygrothermal affects can be estimated using the following equation [15, 16] when the use temperature (T) and moisture pickup (M) are known" I/2 -\TG0%
(1)
where P_HT is the degraded property, TGW is the glass transition temperature of the wet unidirectional composite, TGD is the glass transition temperature of the dry unidirectional composite, T is the use temperature at which P_HT is required, TO is the reference temperature at which PEO was determined and M E is the moisture in the ply in percent weight.
Cyclic Loads
Cyclic loads fatigue the laminate and, therefore, the ply stress limit needs to be checked against the fatigue strength of the ply. The fatigue strength of the ply can be estimated using the following equations [17, 18] 
where SEN is the fatlgue strength for the specified N cycles; SEO is the reference static strength; B is a constant depending on the composite system (O.l is a reasonable value, [lO] ); and N is the number of cycles. Usually a safety factor (ranging from 2 to 4) is applied to SEN to obtain SENA the strength allowable to be used in the design. This is used as the ply strength to check for the ply stress limlts and to determine the margins of safety.
In the presence of combined static and cyclic loads, the ply stress l_mit is estimated from the following equation [18] _ST _ < 1.0 SE + S_NA -
where _EST is the ply stress (a_ll, _22, and aEl2) due to deslgn static load; _cyc !s the corresponding ply stress due to cyclic load; S_ is the ply static strengtn; and SENA is determined from Equation (3) with an appropriate safety factor. 
